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Abstract 
Ultrasound piezoelectric transducers are used in medical applications and for non-destructive testing of materials. Among them, a 
special type, the so named limited diffraction ultrasonic transducers present a great depth of acoustic field, without important
effects of diffraction, besides other qualities, which make them optimal in applications of medical images. In this paper, the 
design of a class of these transducers is explained through a simple technology that uses a method of direct polarization. The 
application of the Finite Elements Method to simulations in the design process of not uniformly poled transducers, as well as the 
experimental characterization of their dynamic behaviour, is described. The comparison of the experimental results with those 
simulated, using Finite Element Analysis, guarantees with an excellent agreement the use of this powerful method of simulation,
during the construction and characterization of limited diffraction transducers.  
PACS: 43.38; 77.65.D; 02.70.D; 81.70C 
Keywords: Finite elements method; ultrasonic transducers; vibration modes. 
1. Introduction 
Ultrasound piezoelectric transducers are used in medical applications and for non-destructive testing (NDT) of 
materials, among others applications. The transducers and/or the mechanisms of ultrasound generation, must exhibit 
different properties that should make them efficient for each type of application. The limited diffraction ultrasonic 
transducers (LDUT), and in particular the so named Bessel transducers, present a great depth of acoustic field, 
without important effects of diffraction, besides other qualities, which make them optimal in applications of medical 
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images [1]-[5]. According to how they are manufactured, the effects of cross-coupling between the vibration modes
can also be diminished. 
In this work, the design of transducer of Bessel type, through a simple technology, that uses a method of direct
polarization, is explained. Three electrodes in the form of concentric rings in both faces of a ferroelectric ceramic
disk, were used, being applied a profile of non-uniform polarization. The Finite Element Method (FEM) to simulate
the dynamic behavior of the Bessel Transducers was used. In order to experimentally characterize their vibration
modes, the electric impedance and phase were measured as a function of frequency.
2. Design and modeling
The Bessel transducer was constructed using a 2 MHz ceramic disk of PZT (53/47 + 1wt% Nb) and diameter ~25
mm. Three rings were formed on the faces of the disk with silver painting, in order to act as electrodes (separated
each from other 2 mm), and each ring was poled individually, during a constant time, varying the polarization field. 
In the process of direct polarization to each ring, an electric field was applied following the profile of the first kind 
and zero order Bessel function during a constant time interval. The inner ring was polarized with a value of electric
field E=3 kV/mm, the intermediate ring with E=1.2 kV/mm and the external ring with E= 0.9 kV/mm. For the
intermediate ring, the poled field was inverted.
This simple method of polarization is shown in Figure 1. After the polarization process was realized, a deposition
of gold layers was made in each face of the ceramics by means of the technique of sputtering in order to conform the
final electrodes. A backing of low impedance and a front matching layer were added [6] and placed all the elements
in a copper tube for its characterization. In order to compare with the performance of this Bessel device, also a 
conventional piezoelectric transducer of similar dimensions was constructed, in this later case, uniformly poled.
Fig.1 Direct poled method following the profile of the Bessel function of order zero.
The computer technical program used to simulate the mechanical vibrations of the transducers excited through
piezoelectric effect was the Finite Element Method. The elastic, dielectric and piezoelectric constants corresponding
to a material of composition PZT5A [7], were used in all the simulations, having obtained the electrical impedance
and phase based on the frequency of all the resonant modes.
Due to the circular geometry of the conventional Bessel transducers, a axi-symmetrical model was used in the
simulation method, doing possible to reduce the three-dimensional problem to a bi-dimensional one, with the axis
"x" and the axis "y" corresponding to the radial direction and the center line of the circular transducer respectively.
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This diminishes the time of computer calculation. With a view to clarify these ideas, we show in Figure 2 the bi-
dimensional (2-D) geometry used.
The Finite Elements Method (FEM) allows obtaining an approximate numerical solution of a set of discrete
algebraic equations that describe the answer of a continuous system. Was made a division of the structure in discrete
elements (mesh) with the formation of “nodes” that define the elements in which the problem will be solved [8].
Once defined the geometry of the problem and the equations of the system for its solution, the continuous solution is 
transformed in a set of discrete solutions.
Fig.2  Axi-symmetrical model used for the computer simulation in 2-D [9].
In Figure 3, bi-dimensional geometries for (a) the conventional (uniformly poled) and (b) the Bessel ceramic
(poled, non uniform) used in the Finite Element Method are show.
(b)
(a)
Fig.3  Bi-dimensional geometry for (a) the conventional (uniformly poled), and (b) the Bessel ceramic (poled, non uniform) to be used in the 
Finite Element Method.
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The colour code represents the percentage of polarization of the electric field applied to each ring [10]. In Figure
3a), the conventional ceramic uniformly poled (100 %) is shown, and in Figure 3b), it can be distinguished between
the central ring, which was poled with 100%, the intermediate ring which was poled with 40% and the external ring,
poled with 30%, of the value of the electric field, respectively.
3. Characterization and results
The electric impedances (modulus and phase) were measured at room temperature using an Impedance Analyzer 
HP4194-A. The measures were made in the corresponding interval of frequencies between 100 Hertz and 3 MHz,
having contemplated therefore the main vibration modes of this circular geometry: radial and thickness. The
characterization of the vibration modes of the conventional and Bessel transducers, through the measures and
simulations of the electrical impedance amplitude in function of the frequency, is shown in the Figure 4. Here, the
results have been divided in two ranges, the one of low frequency concerning the radial (a), and the other for high
frequencies related to thickness vibration modes (b).
Fig.4  Electrical impedance as a function of the frequency, showing vibration modes of radial and thickness type, for: a) the conventional and b)
the Bessel transducers. (Red: experimental, and Black: simulated results).
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In this Figure, with the object of comparison, the simulated and experimental results of the radial vibration mode
in the conventional uniformly poled and in the Bessel ceramics are observed, on the one hand the radial modes
characteristic are shown of the conventional transducer and on the other hand, the suppression of the fundamental
radial mode and several of their overtones in Bessel case. With this Bessel transducer, the thickness vibration modes
appear clearly decoupled of the radial vibration modes, as it is desired in a transducer designed for applications in
medical imaging.
The experimental resonance frequencies of the Bessel transducer are in agreement with the FEM simulated
results in the low and high frequency ranges.
The behaviour of the Bessel is shown in Figure 5 when the rings are excited of independent form and when they
are excited like a whole. The excited modes of radial vibration are presented of individual form, and altogether these
are compensated giving rise to the reinforcing of the one of the harmonic modes and elimination of the others.
Fig.5 Composition of the radial modes exciting each Bessel’s ring and then exciting Bessel transducer (dark: measured curves and light: 
simulated curves) [11].
This results show that some mechanical resonant modes (i.e. radials: fundamental and several harmonics modes)
are suppressed when an “in phase” excitation of the rings is applied. That is not the case for uniformly poled disks or
conventional ceramics.
The simulated mechanical displacements in the frequencies of the mechanical resonance, of the here studied
transducers, are presented in Figure 6. The presence of different conditions of edges of each ring influences in this
behaviour of the radial vibration.
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Fig.6 Simulated mechanical displacements in the fundamentals frequencies of a) the conventional and b) the Bessel ceramic.
The radial and thickness mechanical displacements simulated by FEM, of the Bessel, ceramics are shown. In both
cases is a half of the diameter of the ceramics the part shown (following the geometries presented in Figure 3). It can
be noted that, between the rings, PZT material that is not polarized is also present. In this Figure: 6b) for the radial
frequency of 342 kHz of the Bessel ceramic, it is shown that, while the central ring is contracted radially, the inner
ring and outer expand in the same direction, and in Figure 6b) for frequency of 2.04 MHz, the same happens but this
time in the direction of thickness.
4. Conclusions
In this paper, Bessel transducers were designed with a new variable direct poling method. The vibration modes of
these special Bessel transducers were studied, numerically and experimentally. Due to, this method of polarization
follows the profile of the Bessel function, it was verified that the radial fundamental vibration mode and several
overtones are suppressed when the rings are excited in phase, with the decrease of the effects of connection between
the vibration modes. The uncoupling of the vibration modes favours the transducer efficiency in the MHz range for
medical imaging.
The excellent agreement in the comparison of the experimental results with those simulated on the construction
and  characterization of these limited diffraction transducers, using FEM, guarantees the use of this powerful method
of simulation.
These simulations allow to optimize the project of new LDUT transducers and the evaluation of new materials in
their construction. It is a low-cost process, which accurately predicts their dynamic behaviour when the parameters,
characteristics and properties of the constituent materials change.
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